Introduction
With the emergence of diagnostic equipment and continuing research in acoustic imaging, there comes an increasing desire to characterize tissue quantitatively. Tissue attenuation, which is a measure of the total loss (due to heating, reflections, scattering, diffraction, and refraction) of an ultrasonic wave as it propagates through the tissue, provides one means of tissue characterization. This study attempts to determine the frequency dependency of the attenuation coefficient for six tissues using the radiation force balance technique. A total of 880 insertion loss measurements were made over the course of nine months in an attempt to build a large data base utilizing one well characterized measurement technique with well characterized tissue.
Acoustical Development
The radiation force balance technique for measuring ultrasonic attenuation follows from developments both in nonlinear acoustics and in experimental procedures for determining total acoustic power.
Nonlinear acoustic theory states that the Langevin radiation pressure on a perfectly absorbing target in an open vessel is
2-
where <E> is the average acoustic energy density, I is the acoustic intensity and c o i s the speed of sound in the medium (1). Multiplying Langevin radiation pressure by the area of the sound beam yields the radiation force where Wa is the total (temporal average) acoustic power.
Experimental procedures for measuring total acoustic power typically measure the force via a balance apparatus. Multiplying that force by the speed of sound yields total acoustic power. Attenuation measurements can be made similarly by using the insertion loss technique which will be described in the next section.
System Components and Data Acquisition
The system for making attenuation measurements in this study was established at the Bioacoustics Research Laboratory (2) . A system block diagram appears in Figure 1 . The output of t h e Hewlett Packard 8660B frequency s y n t h e s i z e r feeds i n t o a Kay Elemetrics p r e c i s i o n a t t e n u a t o r .
The a t t e n u a t o r i s used i n two s t a t e s , OdB, which corresponds t o f u l l power, and 70dB, which corresponds t o zero power. The output of t h e a t t e n u a t o r i s connected t o a power a m p l i f i e r ( E l e c t r o n i c Navigation I n d u s t r i e s , model 310L) and then t o t h e transducer. The 1.39 MHz fundamental frequency transducer focuses onto a 45O r e f l e c t i n g block which r e f l e c t s t h e sound f i e l d up t o a SOAB (B. F. Goodrich) t a r g e t , which i s suspended from one arm of t h e Cahn model RG e l e c t r o b a l a n c e . In t h e absence of a sound f i e l d (zero power), t h e t a r g e t r e s t s a t an equilibrium p o s i t i o n , and an equilibrium p o s i t i o n is e s t a b l i s h e d on t h e Houston Instruments model 2000 c h a r t recorder.
When t h e sound f i e l d i s turned on ( f u l l power), t h e r a d i a t i o n f o r c e (Eq.
) imparted onto t h e SOAB t a r g e t i s d e t e c t e d by t h e balance and c h a r t recorder.
Figure 2 schematically demonstrates t h e t y p i c a l c h a r t recorder record from which t h e i n s e r t i o n loss i s determined.
To determine t h e i n s e r t i o n loss, I L , an i n i t i a l v a l u e , Do, i s obtained by t a k i n g t h e d i f f e r e n c e between t h e f u l l power and zero power d e f l e c t i o n s . Next, a specimen, of known t h i c k n e s s , i s i n s e r t e d between t h e r e f l e c t i n g block and t h e SOAB t a r g e t and a g a i n , zero power and f u l l power d e f l e c t i o n s , B , a r e determined.
The i n s e r t i o n loss i s then c a l c u l a t e d by t h e equation
I n s e r t i o n loss values a r e p l o t t e d a s a f u n c t i o n of specimen t h i c k n e s s a t each frequency. A l i n e a r r e g r e s s i o n a n a l y s i s i s used t o f i t a s t r a i g h t l i n e t o t h e s e d a t a . U l t r a s o n i c a t t e n u a t i o n c o e f f i c i e n t s a r e then determined from t h e slope of t h a t l i n e .
Tissue Handling
Fresh t i s s u e s were obtained from t h e University Meat Science Laboratory on campus. Upon s l a u g h t e r t h e animals were b l e d , and t h e d e s i r e d t i s s u e was e x t r a c t e d . The e x t r a c t e d t i s s u e w a s placed i n degassed c a t r i n g e r a t room temperature and t r a n s p o r t e d t o t h e Bioacoustics Research Laboratory. Measurements were completed a s e a r l y a s 68 minutes, o r a s l a t e a s 325 minutes a f t e r s l a u g h t e r , with t h e average time being 182 minutes.
Data Handling
Five t o seven sample t h i c k n e s s e s were measured f o r each t i s s u e ( l i v e r , s p l e e n and pancreas) of bovine, porcine and sheep.
The measurements were made a t 1.4, 4.2, 7.0, and 9.8 MHz.
Five t r i a l s were performed f o r each sample t h i c k n e s s , a t each frequency. The average v a l u e and standard d e v i a t i o n of i n s e r t i o n l o s s were c a l c u l a t e d f o r each t h i c k n e s s .
I n s e r t i o n loss v e r s u s t h i c k n e s s was p l o t t e d f o r each t i s s u e a t each frequency.
Four l i n e s (one f o r each frequency) were determined using l i n e a r r e g r e s s i o n a n a l y s i s ( 3 ) thereby o b t a i n i n g t h e s l o p e , i n t e r c e p t and c o r r e l a t i o n c o e f f i c i e n t f o r each l i n e a t each frequency.
To a s s e s s t h e frequency dependency of t h e a t t e n u a t i o n c o e f f i c i e n t over t h e 1.4 t o 9.8 MHz range, a b e s t f i t l i n e was determined. The s l o p e on a log-log p l o t i s described by N , and t h e i n t e r c e p t (B) corresponds t o t h e a t t e n u a t i o n c o e f f i c i e n t value a t 1 MHz. Mathematically, t h e frequency dependency of u l t r a s o n i c a t t e n u a t i o n i s described by
R e s u l t s and Discussion A summary of r e s u l t s from t h i s study appears i n Tables 1 and 2 .
The s l o p e s and c o r r e l a t i o n c o e f f i c i e n t s c a l c u l a t e d f o r t h e i n s e r t i o n loss v e r s u s t h i c k n e s s p l o t s appear i n Table 1.  Table  2 c o n t a i n s c a l c u l a t e d s l o p e s and i n t e r c e p t s a s described by equation 4.
Four of t h e seven t i s s u e s i n v e s t i g a t e d had a value of N which ranged from 0.9 t o 1.1 while t h e remaining t h r e e were 0.780, 1.29 and 1.36.
The a t t e n u a t i o n c o e f f i c i e n t s a t 1 MHz a r e t y p i c a l of t h o s e f o r s o f t t i s s u e s ( 4 ) .
Although t h e c o r r e l a t i o n c o e f f i c i e n t s seem t o i n d i c a t e a s t r o n g l i n e a r dependence (Table 21 , i t appears t h a t i n some cases (bovine s p l e e n and pancreas, porcine spleen and l i v e r and sheep l i v e r ) , t h e a t t e n u a t i o n c o e f f i c i e n t could be more properly described by a higher ordered f u n c t i o n . Perhaps t h i s w i l l l i m i t t h i s approach i n t h e a n a l y s i s of a t t e n u a t i o n c o e f f i c i e n t measurements.
The method appears t o be r e p e a t a b l e , as
Pohlhammer i n 1981 (5) determined t h a t f o r bovine l i v e r , t h e fEz$ueny dependency of a t t e n u a t i o n was A = 0.043f
, while h e r e a r e l a t i o n s h i p of A = .038f'.36 r e s u l t e d . Table 2 . Summary of results calculated from log-log plots of attenuation vs frequency .
Conclusions
In conclusion, the technical measurement procedure and specimen handling procedures used to determine the frequency dependent ultrasonic attenuation coefficient appear to yield repeatab le results, thus enabling intercomparisons. Each tissue measured resulted in distinct attenuation data.
The attenuation coefficient of five tissues (bovine spleen and pancreas, porcine liver and spleen, and lamb liver) appears to obey a quadratic frequency dependence in the log-log coordinate system. Measurements at additional frequencies will help resolve this point. And finally, there does not appear to be any correlation between the frequency dependent ultrasonic attenuation coefficient and hydroxyproline concentation for these tissues.
